In elucidating functionally important single-stranded loop regions derived mainly from three models in genomic hepatitis delta virus (HDV) ribozyme possessing self-cleavage activity, we have constructed several Internal deletion variants of the HDV133 molecule (654-786 nt on genomic RNA) by oligonucleotide-dlrected mutagenesis. When selfcleavage activities were compared among variants, the HDV133DI-1 (deletion of 701-718 nt) and HDV133DI-3 (deletion of 740 -752 nt) ribozyme could maintain their self-cleavage activity, despite at reduced level. However, the activity could be regained in both mutants by some extent under partially denaturing conditions. These results suggest that the above two singlestranded RNA loop regions in HDV ribozyme are not part of the catalytic core but might be Involved In the stability of the molecule. In contrast, deletion mutants such as HDV133DI-2 (deletion of 696-722 nt), HDV88DI-1 (deletion of 701-718 nt), HDV88DI-2 (deletion of 696-722 nt), and HDV88DI-4 (deletion of 733 -760 nt) abolished catalytic activity. These results suggest that the remaining single-stranded regions of bases between 726-731 and 762-766 in the HDV88 ribozyme may be the potential regions to Interact with Mg 2 * ions.
INTRODUCTION
Human hepatitis delta virus (HDV) is known to cause fulminant hepatitis or chronic hepatitis with linear cirrhosis by hepatitis B virus (HBV) or by superinfecting the chronic HBV carriers (1) . The genome is a single-stranded circular RNA consisting of about 1700 nucleotides. It appears to replicate through a rolling circle mechanism (2) and resembles to plant pathogenic RNA viruses in many features including auto-cleavage activities in vitro (3, 4) . Both genomic and antigenomic strands of HDV possess selfcleaving ribozyme activity at the position of 688/689 in genome and 903/904 in antigenome in the presence of MgCl 2 (2> 3) and produce 2', 3'-cyclic phosphate and 5'-OH groups. However, the sequence flanking at the cleavage site resembles neither hammerhead-type (5) nor hairpin-type ribozymes (6) and hence, HDV ribozyme represents an unique type of self-cleavage RNA (4, 7) .
A probable secondary structure has been proposed for the genomic HDV ribozyme and assumed to be a cloverleaf model as the most stable structure. It consists of 133 nt from 654-786 nt ( Fig 1A) (4) . Belinsky and Dinter-Gottlieb (8) also proposed secondary structures for HDV ribozyme having 114, 129 and 154 nt length based on the RNAFOLD program of the M. Zuker. Later, Perrotta and Been (9, 10) suggested pseudoknot-like structure for the genomic and antigenomic ribozyme based on the nuclease probing data and mutagenesis studies at probable stem regions (FigIB) . Earlier studies have elucidated that an active conformer is not the most stable structure but is a partially loosened structure (11 -14) . Recently, an 'axehead' structure has been assigned to both genomic and antigenomic HDV ribozymes ( Fig.lC; 15) . The 'axehead' structure does not include some of the bases on the genomic enzyme subdomain which are needed to form the major pseudoknot helix in Perrotta and Been model (9) . On the other hand 'axehead' model devoids interactions between segments 661-667 and 767-772 nt in their transcleavage reaction where these bases are shown to be involved in forming stem region in Belinsky and Dinter-Gottlieb model (8) . Branch and Robertson (15) suggested that certain structural features identified earlier facilitate a folding process that produces active HDV ribozymes, but these structural features may not themselves be needed for RNA processing reactions.
The genomic HDV ribozyme sequence has been truncated from both terminus by a few groups to define a minimal molecule possessing self-cleavage activity. Wu & Lai (11) reported that the molecule which has 88 nt (683-770) was cleaved more efficiently than other several longer molecules. Perrotta and Been (9, 13) showed a molecule consisting of 85 nt(-l to +84 relative to the cleavage site) appeared to be sufficient for efficient selfcleavage activity under wide variety conditions. Recently, Thill et al. (16) reported a shorter form of genomic HDV ribozyme containing 71 nt. However, it exhibits comparatively lower activity than the longer form (HDV89) (16) . Thill et al. (16) and ourselves initiated studies independently on the deletion analysis of internal base regions on the genomic molecule in defining the catalytic center. Thill et al. (16) observed that the deletion of bases between 741 to 756 [numbering according to the Makino et al. (17) ] could survive the self-cleavage activity of genomic HDV ribozyme.
In the present studies we created several deletion variants of genomic HDV ribozyme from two short forms (HDV 133 and HDV88) using oligonucleotide-directed mutagenesis in determining the catalytic core. In particular, single-stranded regions together with some extent of stem regions were selected while creating variants, since single-stranded RNA loop regions appear to provide potential catalytic core in the case of hammerhead-type ribozyme (18) (19) (20) (21) (22) .
MATERIALS AND METHODS
Construction of the vector expressing genomk HDV133 ribozyme A gene for the HDV 133 which encodes a portion of human hepatitis delta virus (HDV) genome (654-786) having selfcleavage activity (4) was chemically synthesized by joining twelve deoxyoligonucleotides. The synthesized gene was inserted into the plasmid pET-7 (kindly provided by Dr. F.W. Studier) (23) at Stul site which is downstream of the promoter of T7 RNA polymerase. To construct pUHD133, the BglU-BamlU fragment containing HDV 133 gene together with the promoter region was isolated from the pET-7-HDV and subcloned into pUC118 at BamHl site (Fig. 2) . Single-stranded DNAs were prepared from the newly constructed plasmid and used in generating deletion mutants by in vitro mutagenesis (Fig. 2) (24) (25) (26) . All experiments were carried out using E. coli MV1184 as the host cell (27) .
Oligonucleotide primers
The following HDV-specific oligonucleotides were chemically synthesized for making various deletions in HDV ribozymes using Applied Biosystem DNA Synthesizer 380B. The nucleotide numbers indicate positions on the HDV RNA genome according to Makino et al. (17) . 88 L, G (aM) CCGGCCATCAGGT (682) ; 88 R, C^ojCCATTCG-CCATTAC^; DI1, C^CCAGCCGGC^TTTA^CCAT-GCCGG (6 The other deleted molecules from long and short HDV ribozymes were prepared with oligonucleotide-directed in vitro mutagenesis system (Amersham) (24) (25) (26) after isolating the single-stranded template DNA using procedures of Vieira and Messing (27) .
DNA Sequencing
To identify deletions in certain regions among mutants, single stranded DNAs isolated from transformants were sequenced in their entirety on DNA sequencer (Applied Biosystem Model 373A) using the dideoxy chain-termination method employing fluorescence Taq Dye Primer(-21mer) system.
Preparation of Precursor RNAs
The plasmid DNAs were isolated from the mutants by alkaline lysis method and purified by CsCl density gradient centrifugation. After BamHl linearized plasmid DNA was then subjected to the in vitro transcription process to generate precursor RNA using Amersham's paired-promoter T7 system. The conditions used for transcription were 40 mM Tris-HCl (pH 7.5); 6 mM MgCl 2 ; 2 mM spermidine; 0.01 % bovine serum albumin; NTPs at 5 mM each; 0.5 mCi/ml [a-32 p] CTP; 1-2.5 /tg of linear plasmid DNA and 5 units of T7 RNA polymerase//tg of DNA in total volume of 25 /tl. After incubation for 60 min at 42°C the reaction was terminated by adding equal amounts of stop solution (50 mM EDTA and 9 M urea) and the RNA was fractionated by electrophoresis on a 8 % (W/V) polyacrylamide gel containing 7 M urea.
Self-cleavage analysis of different deletion mutants of HDV ribozyme
RNA substrates internally labeled with [a-32 P] CTP in denaturing gel were cut out and extracted with 0.3 M NaOAc, 20 mM Tris-HCl (pH 8.0) and 0.1 mM EDTA by soaking overnight at room temperature followed by ethanol precipitation. Cleavage reaction contained about 2 kcpm of RNA precursors, in 50 mM Tris-HCl (pH8.0) and 25 mM MgC12 operated at 50°C. The reaction was stopped by the addition of equal amounts of stop solution (50 mM EDTA, 9 M urea). After heat denaturation at 90°C for two min, samples were analyzed on 8% PAGE as mentioned above. In addition, when required to analyze under denaturing condition, 4.5 M urea was included in the reaction mixture. The extent of self-cleavage of ribozyme was then calculated by comparing the levels of precursor RNA with that of 3' cleavage product using autoradiographs or scanning on Bio-imaging analyser BA 100 (Fuji Film).
RESULTS

Deletion variants of genomic HDV ribozyme and their selfcleavage activity
To investigate functional domains of genomic HDV ribozyme in the self-cleavage reaction, we created several internal deletion variants by oligonucleotide-directed mutagenesis. While creating deletion variants, we focused on probable single-stranded loop regions as shown in their assigned secondary structure models of Wu et al. (Fig. 1A, 4 ), Perrotta and Been (Fig. IB, 13 ) and Branch and Robertson (Fig. 1C, 15 ). In general, the bases located in the single-stranded loop regions are common in these models except a few bases involved in the stem in one and single-stranded regions in another and vice versa. The pUHD133 (which encodes 654-786 on genomic HDV RNA) (4) was chosen as the parent plasmid for introducing mutations. Furthermore, to obtain more insight into which structural elements of genomic HDV ribozyme involved in the self-cleavage activity, the reactivity of different deletion mutants transcripts was tested. Precursor RNAs were prepared from different mutants using 17 RNA polymerase transcription process. To determine the self-cleavage activity of different deletion mutants in vitro, transcription products were produced, isolated and compared in terms of their processing ability under defined conditions. The levels of precursor RNAs and resulting 3' cleavage products were identified after scanning the autoradiograms and calculated the percentage of cleavage.
Auto-cleavage activity of different deletion variants was analyzed at 50°C in the presence of 25 mM MgCl 2 at pH 8.0. Fig. 3 shows time course of auto-cleavage activity and Table 1 summarizes the self-cleavage activity of several deletion variants of genomic HDV ribozyme. Three variants of HDV 133 ribozyme were created, which are HDV133DM (deletion of bases between 701 -718 nt), HDV133DI-2 (deletion of bases between 696-722 nt), and HDV133DI-3 (deletion of bases between 740-752 nt) having percentage of cleavage activity of 45%, 0, and 20%, respectively. In the case of HDV133DI-1 and HDV133DI-3 variants the loss of self-cleavage activity was compensated to some extent by addition of urea during cleavage process (Table  1) . However, HDV133DI-2 (deletion from 696-722 nt) irreversibly lost its activity and could not tolerate the loss of these bases from its molecule even in the presence of urea. These results suggest that stem-loop regions (Fig. 1A and IB not involved in forming the catalytic core but may provide stability to the molecule. Similar observation was presented recently with shorter form of HDV71 ribozyme where the deletion of bases between 741 -756 could survive the ribozyme activity (16). Perrotta and Been (13) demonstrated by point mutations that base pairs at stem II region in model B of Fig. 1 are important for stability in the structure as well as in forming the major pseudoknot helix, these base pairs at this region are conserved in genomic and anti-genomic HDV ribozymes.
However, since our HDV133DI-1 variant (deletion of bases between 701 to 718) continues to possess self-cleavage activity, those bases may form neither the catalytic center nor pseudoknot helix. These results are in agreement with Branch and Robertson (15) because the genomic enzyme subdomain used by this group lacks two of the six bases which are needed to form the major pseudoknot helix. HDV88 ribozyme was generated from HDV 133 ribozyme by keeping 88 nt between 683-770 nt. This ribozyme has been shown to possess ten times higher self-cleavage activity compared to the parental HDV 133 ribozyme in agreement with Wu and Lai's findings (11) . Nearly 80% of precursor was self-cleaved during transcription of the gene HDV88, whereas HDV 133 ribozyme is self-cleaved less than 8% under the same condition (Fig. 4 ). For this extremely higher self-cleavage activity we did not isolate HDV88 ribozyme and compare its activity under the same condition which was described in Table 1 . In the present studies, in contrast to the Wu and Lai's observation (11) , ten times higher catalytic activity might have resulted from the Effect of urea on the self-cleavage activity of genomic HDV ribozyme The presence of denaturants such as urea (5-7 M) or formamide (40-60%) promoted the ribozyme activity. The increase in selfcleavage activity in denaturing conditions may be resulted from the increased interconversion frequency between the inactive and active forms. Recently, it was found that self-cleavage of a polyribonucleotide containing an auto-cleavage sequence from the genomic strand of HDV was enhanced in conditions that destabilized RNA structure, such as addition of 5 or 10 M urea (11) (12) (13) . Similarly, self-cleavage activity of HDV133 and HDV133DI-3 variant was enhanced in the presence of 4.5 M urea (Fig. 3) . However, under similar conditions the activity of HDV133DI-1 and HDV88DI-3 could not be further improved indicating that within these limited short sequences the most stable structures are very close to the adequate active structure for selfcleavage. The HDV88 ribozyme activity could not be analyzed under denaturing conditions since its activity was so high and most of the precursor RNA was used up during transcription process, thus, leaving very little product at the end of transcription reaction. reduced activity of our HDV 133 due to the non-ribozyme sequences derived from the vector favoring the model 1A structure of Fig. 1A (added vector sequences at the 5' and 3' ends are shown by small letters. Similar observation was also made with genomic HDV ribozyme (8) . Deletion mutants, HDV88DI-1, HDV88DI-2, HDV88DI-3 and HDV88DM, were created from the HDV88 ribozyme to determine important regions in this smaller molecule. Among four deletion variants only HDV88DI-3 (deletion from 740-752 nt) had self-cleavage activity. This mutant had about six times lower self-cleavage activity compared to HDV88 but retained two-fold higher activity than HDV133 ribozyme. Similar observation was also made recently with HDV71 ribozyme (carrying deletion of bases between 741 to 756) where lower activity was reported compared to longer transcript (HDV89). These results indicate that the deleted region (740-752 nt) is involved in the formation of active short ribozyme structure (HDV88) but it does not consist of the catalytic core. Deletion mutants HDV88DI-1, HDV88DI-2 and HDV88DI-4 could not tolerate base loss resulting in abolition of self-cleavage activity. These results thus suggest that the single-stranded loop regions between 701 -718 nt and 740-752 nt) derived from secondary structure models are structurally important but are not the catalytic core since HDV133DI-1 and HDV88DI-3 could have the catalytic activity. In addition, they suggest that single-stranded regions of 726-731 and 762-766 in the HDV88 and HDV 133 ribozyme are the potential regions as the catalytic core and to interact with Mg 2+ ions. Further ongoing mutational analysis in these potential regions should identify the catalytically important basas of the genomic HDV ribozyme.
DISCUSSION
HDV RNA contains a region capable of auto-catalytic cleavage whose nucleotide sequence and a possible secondary structure, however, bear little resemblance to other known ribozymes. The originally proposed secondary structure by Wu et al. (4) is shown in Fig. 1A . The delineation of the minimum sequence with full activities, the identification of chemically important groups at the active site, and the three dimensional structure of its active form are under investigation (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . We also have examined the correlation between self-cleavage activity and structure from Wu et al.'s, HDV133 RNA (133 nt; residues 654-786) (4), as well as several variants which were transcribed in vitro from chemically synthesized genes.
More recently, shorter forms of HDV ribozymes were constructed and shown to have increased self-cleavage activity. The HDV71 ribozyme represents the smallest self-cleaving subfragment of HDV genomic RNA so far constructed (16) . Our HDV88 ribozyme possessed ten times higher activity than HDV 133 and 80% of transcriptional precursor molecules were auto-cleaved during in vitro transcription. Since in both cases, denaturing agent such as urea enhance the cleavage activity, especially in HDV 133, the thermodynamically most stable secondary structure (Fig. 1 A) is not the active ribozyme structure. The active structure must be in slow equilibrium with the inactive form and those denaturing agents will be enhancing the interconversion between the two forms, as a result, increasing the apparent concentration of the active ribozyme. In fact, our HDV133 possessed extra vector sequences at both 5'-and 3'-ends which are complementary to each other, thus, further stabilizing the secondary structure of Fig. 1A which seems to be one of the inactive forms. This is probably the origin of the larger reactivity difference between HDV133 and HDV88. More recently, potential secondary structure of the active ribozyme was proposed (9, 10, 15) . Nevertheless, the catalytic core of the HDV ribozyme still remains obscure.
Since single-stranded loop regions of RNA molecules play pivotal roles in catalysis, we have in this work carried out mutagenesis putting emphasis on the single-stranded regions. There are accumulating evidence that single-stranded loop regions are important for RNA catalytic activity. For example, a-sarcin and ricin are cytotoxic proteins that inhibit protein synthesis by cleaving a single phosphodiester bond (a-sarcin) or JV-glycosidic bond (ricin) of 28 S RNA thus inactivating ribosomes (28, 29) . The elucidation of the molecular basis of the inhibition by these cytotoxic enzymes was important since it had previously been thought that the rRNAs only provided a scaffolding to support the ribosomal proteins which in turn catalyzed the protein synthesis. However, the conservation of protein components in various ribosome species is weak whereas there are many strongly conserved regions of rRNA, such as the a-sarcin domain of 28 S RNA. The rRNAs are now envisioned as being responsible for the basic biochemistry of protein synthesis, for the binding of aminoacyl-tRNA, mRNA, and the initiation, elongation, and termination factors; for peptide bond formation; and for translocation. Therefore, the ribosomal proteins are thought to facilitate the folding and the maintenance of rRNA configuration similar to the function of RNase P proteins. The important point in here is that the target site of a-sarcin and ricin is the conserved single-stranded loop region which apparently plays a key role in ribosome function because the destruction of this loop by asarcin or ricin abolishes ribosome function.
In elucidating the mechanism of action of ribozymes, we initiated molecular orbital calculations (30) which let us to believe that Mg 2+ plays a crucial role in catalysis (31) . The potential Mg 2+ binding site appeared to be the single-stranded loop region. Thus, in elucidating the structure-activity relationship of hammerhead-type ribozyme, we have previously constructed mixed RNA/DNA ribozyme (21, 22) where all the stem/loop regions except for the central single-stranded loop region of the hammerhead ribozyme and the GUC triplet of a substrate have been replaced by DNAs possessing thiophosphate linkages. Since our thio-RNA/DNA chimeric ribozyme possessed the cleavage activity (k^ comparable to that of the wild-type ribozyme, 2'-OH groups other than the central loop region do not appear to participate in binding of Mg 2+ ion which, according to our recent molecular orbital calculations, play a key role in catalysis (Taira et al. unpublished data, (30) (31) (32) (33) (34) (35) . The precise positioning of Mg 2+ at the active site of hammerhead ribozyme should greatly enhance the cleavage reaction. In fact, Perreault et al. (18, 19) and Yang et al. (20) identified possible 2'-OH groups interacting with Mg Recently, Thill et al. (16) showed that the deletion of bases between 741 to 756 from the HDV89 resulted HDV71 and this ribozyme retained self-cleavage activity. They opined that conformational flexibility of the stem-loop HI [in Perrotta and Been model (Fig. IB) ] bases makes it a good candidate for being directly involved in the catalytic core of the ribozyme. Our deletion mutagenesis results on HDV133 ribozyme revealed that the bases 701 -718 (DI-1) and bases 740-752 (DI-3) stem/loop regions among three models (Fig. 1A , B and C) do not consist of the catalytic core such as the binding site of Mg 2+ because they possessed 45% and 20% activity, respectively. Although the former deletion (DM) abolished the HDV88 activity, the stem/loop regions (stem II and m) of the Perrotta and Been (9) model (Fig. IB) do not appear to line up the catalytic core. These results suggest that the remaining single-stranded regions such as bases from 726-731 and 762-766 are the potential candidates to interact with Mg 2 " 1 " ions, which as a result forms the catalytic site. These regions are shown to be single-stranded structures in both recent models (Fig. IB and C) . Branch and Robertson (15) successfully made rranj-cleaving genomic and antigenomic HDV ribozyme by separating into the enzyme and substrate fragments using axehead model. The bases between 747-773 [numbering according to the Makino et al. (17) ] represent an enzyme part and the bases 686-746 can form the substrate. Nevetheless, the part of the substrate such as the bases 726-731 can be still the part of the catalytic core.
